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MAGIC is a system of two Imaging Atmospheric Cherenkov Telescopes (lACT) that observe Very 
High Energy (VHE) gamma ray sources. The PMTs in their cameras are designed to operate under 
moonlight, but they are limited to Moon phases below 93% (300 Moon hours per year), as they 
can get damaged if the amount of light they receive is too high. As a result, they cannot be used 
in the three to five nights around full Moon. We have selected commercial inexpensive UV-pass 
filters rejecting light above a wavelength of 420 nm, where the moonlight intensity is stronger. 

We mounted them on light-weight frames that can be easily installed on the telescope cameras. 
Test observations have been performed during the last nine months, from which a moonlight 
transmission of about 20% and a Cherenkov light transmission of about 45% are estimated. This 
allows the observation of sources down to an angular distance of 5 degrees to the Moon during 
Eull Moon: essentially in the whole sky and all possible moonlight conditions. Therefore, the 
duty cycle of MAGIC can be extended by about 30%, including nights when VHE observations 
with lACTs are currently not feasible. Here we evaluate the preliminary performance, in terms 
of sensitivity and energy threshold, of the MAGIC telescopes equipped with the UV-pass filters 
under different moonlight intensities, as inferred from Crab Nebula observations and Monte Carlo 
simulations. 
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1. Introduction 

MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkov telescopes) consists of two 
17 m diameter Imaging Atmospheric Cherenkov Telescopes (lACT). Located on the Roque de 
los Muchachos Observatory on the Canary Island of La Palma, Spain (28° N, 18° W), at a height 
of 2200 m a.s.l, they are designed to observe very high energy (VHE, > 30 GeV) 7-rays[4]. 

The telescopes achieve their best performance in the absence of moonlight. In such conditions 
and for zenith angles below 30°, MAGIC achieves an energy threshold of ~ 70 GeV and an integral 
sensitivity above 290 GeV of 0.67 ±0.04% of the Crab Nebula flux[4]. However, as the Moon is 
present in half of the total night-time available during a year, observations are also performed under 
low and moderate moonlight. About 300 hours per year are taken in such conditions. But if the 
background light is too high, the Photo Multiplier Tubes (PMTs) in the MAGIC cameras suffer 
significant ageing. Observations in slightly brighter conditions can be achieved by reducing the 
High Voltage (HV) in the PMTs, but their performance degrades when the gain is reduced by more 
than 50%. 

We define fhe Dark NSB (where NSB sfands for Nighf Sky Background) as fhe brighfness of 
fhe sky in fhe darkesf sifuafion in which observations are possible: an exfragalaclic region of fhe sky 
wifh no moonlighf and af low zenifh angles. By reducing fhe HV, observafions can be performed 
up fo a sky brighfness fhaf is 15 limes fhe Dark NSB. As a resulf fhe telescopes are currenfly nof 
operated in fhe Ihree fo five nighls around full Moon, when no dark time is available, and fhey are 
hardly used in fhe fhree fo four nighfs before and affer full Moon. 

Belween July 2013 and March 2105 we fesled fhe use of UV-pass fillers fo observe under 
exlremely brighl condilions (i.e. during fhe full Moon period). In seclion 2 we describe fhe char- 
aclerislics of fhe selecled fillers: Iheir Iransmission curve and fhe mechanical selup for mounting 
Ihem in fronl of fhe MAGIC cameras. In seclion 3 we show fhe dala samples of fhe Crab Nebula 
fhaf were laken wifh UV-pass fillers, lhal were used fo eslimale fhe performance of fhe telescopes 
wifh fhe fillers. Crab Nebula is considered as fhe brighlesl sleady VHE y-ray source, normally 
labelled as fhe “slandard candle” of fhe VHE y-ray aslronomy and if is frequenfly used fo eval¬ 
uate performance of VHE insfrumenfs[4]. In seclion 4 we evaluate fhe preliminary performance 
of fhe system under differenl brighfness condilions, based on fhe resulfs from fhe analysis of fhe 
Crab Nebula samples and Monte Carlo simulafions fhaf were specially funed fo include fhe effecl 
of fhe fillers and fhe higher background lighf. Einal remarks and fhe implications of fhe evalualed 
performance are discussed in section 5. 

2. Filters design 

We have selected filters wifh a Iransmission curve lhal maximizes Cherenkov lighf Iransmis¬ 
sion and rejecls as much background lighf as possible. In addilion, fhe wavelenglh of MAGIC 
calibralion laser is 355 nm, which already puls a conslrain on where fhe wavelenglh cul can be 
made. During moonlighf nighls fhe speclrum of fhe background lighf lhal reaches fhe telescopes 
depends on fhe dislance belween Iheir pointing posilion and fhe Moon. If fhey are poinling far 
from fhe Moon (lens of degrees away) fhe background lighf does nof come direclly from fhe Moon, 
bul of Rayleigh-scalfered moonlighf (“diffuse moonlighf”) lhal peaks al ~ 470 nm. When poinl- 
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Figure 1: The blue curve shows the typical Cherenkov light spectrum for a vertical shower initiated by a 
TeV 7 -ray, detected at 2200 m a.s.l.[7]. The black solid curve shows the shape of direct moonlight spectrum. 
The dashed black curve, the spectrum from diffuse moonlight. The three curves are scaled by an arbitrary 
normalization factor. The filters transmission curve is plotted in red. 


ing close to the moon, Mie-scattering of moonlight dominates and its intensity is higher at higher 
wavelengths (“direct moonlight”). The actual shape of the spectrum depends on the aerosol content 
and distribution and the zenith angle of the Moon. The diffuse and direct moonlight spectra can 
both be obtained by folding the solar spectrum with the Albedo of the Moon. This was done using 
the code SMARTS [9, 10] and is shown in figure 1. 

The spectrum of Cherenkov light of showers depends mainly on the altitude of the shower 
maximum, but also on the nature of the incident particle (whether is a y-ray or a hadron) and its 
energy. For a vertical shower initiated by a TeV y-ray, detected at 2200 m a.s.l, it peaks at ~ 330 
nm, as shown in figure 1 . Taking all info accounf, we selected commercial inexpensive UV-pass 
fillers produced by Subei (model ZWB3) wilh a Ihickness of 3mm and a wavelenglh cul al 420 nm. 
Ifs Iransmission curve was measured and is also shown in figure 1. These fillers Iransmil 45% of 
Cherenkov lighl and ~ 20% direcl moonlighl. 

The fillers were boughl in files of 20 x 30 cm^, and mounled on a lighl-weighl frame. This 
frame consisfs on an ouler aluminium ring lhal is screwed lo Ihe PMT camera and sleel 6x6 mm^ 
section ribs lhal are placed befween Ihe filler files (see figure 2). The filler files are fixed lo Ihe ribs 
by plastic pieces and Ihe space befween files and ribs is filled wilh silicone. This gives mechanical 
slabilify fo Ihe syslem and prevenfs lighl teaks. Two people can mounl or dismounl Ihe fillers in Ihe 
PMT camera in aboul 15 minutes. 
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Figure 2: On the left, the filters installed in the camera of one of the MAGIC telescopes. On the right, the 
frame design that holds the filters. The outer A1 ring is screwed to the camera. Filter tiles are held by plastic 
pieces to steel 6x6 mm^ section ribs. 


3. Data sample and analysis procedure 

After data quality selection a total of almost 15 observation hours of Crab Nebula with the UV- 
pass filters were recorded. The data were taken in the standard L1-L3 trigger condition[3], in the 
so-called wobble mode[8], with a standard wobble offset of 0.4°. All the data analysed correspond 
to zenith angles lower than 35°. 

The data was divided into four samples with different NSB conditions and it is summarized 
in table 1 . The brightness of the sky in each situation is expressed in units of Dark NSB. The 
two samples of highest NSB include situations in which observations without filters are currently 
impossible in MAGIC. The mean current measured (DC) in one of the telescopes (MAGIC I) is 
also shown in table 1 and compared to the expected one under the same brightness conditions, 
but without filters (Eq. DC). The ratio between both of them depends on how close to the Moon 
the telescopes are pointing: the background transmission is higher far from the Moon where the 
diffuse moonlight regime dominates. Close to the Moon the measured DCs with filters can be 5 
times lower than the expected one without hlters, which is consistent with a moonlight transmission 
of 20%. 

To analyse the data and to evaluate the energy threshold, Monte Carlo (MC) simulations are 
needed. The MC for standard analysis in MAGIC (without filters and in dark conditions) was 
tuned to include the hlters transmission, the shadowing in some pixels that is produced by the 
ribs of the frame and the increased NSB. With these modihed MC simulations, the data has been 
analysed using the standard MAGIC analysis and reconstructions software, MARS [2, 12]. Due to 
the relatively high brightness of the sky, the image cleaning settings for each sample were modihed 
with respect to the standard ones[l]. 
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NSB 

[times Dark NSB^ 

^hr 

[h] 

DC in Ml (with filters) 
[ftA] 

Eq. DC (no filters) 
[ftA] 

Eth 

[GeV] 

5'>300GeV 

[% C.U.] 

2.5-5 

3.4 

0.5 - 1 


175 

1.03 ±0.10 

5-10 

1.2 


^\35fvV<- 

195 

L13±0.22 

10-20 

5.7 


^^^7-15 

200 

L28±0.10 

20-40 

4.1 

4-6 ^ 

15-30 

215 

L31±0.10 


Table 1: Samples of Crab Nebula that were taken under different NSB conditions (expressed in terms of 
the Dark NSB). Nhr stands for the total observation time that was achieved under each NSB condition. The 
third column shows the mean current (DC) measured in MAGIC 1 (Ml). The fourth column is the expected 
measured current in MAGIC 1 under the same NSB conditions, without hlters. Last two columns show the 
preliminary sensitivity and energy threshold for UV-pass hlters observations: £,/, is the energy threshold 
associated to each NSB range and 5>3ooGeV its associated sensitivity above 300 GeV, in Crab Units (C.U.). 


4. Performance 

In this section we evaluate the preliminary energy threshold and sensitivity of the telescopes 
when the filters are installed, for the different NSB conditions that correspond to each of the Crab 
Nebula samples in table 1 . 

4.1 Energy threshold 

To obtain the energy threshold in lACTs one needs to rely on Monte Carlo simulations and 
to make sure that they describe the data appropriately [4]. This is done by comparing distributions 
of Data and MC and ultimately by checking that the Crab spectrum is well reconstructed using 
the MC that was specially modified for fhis analysis. We produced four differenl sefs of MC 
simulafions, each of fhem adapfed fo fhe NSB condifions of each Crab Nebula sample. A common 
definilion of an energy fhreshold is a peak of an energy disfribufion plof, obfained from fhe MC 
simulafions, for a hypofhefical source wifh a specfral index of —2.6. Those disfribufion are builf 
for evenfs fhaf survived fhe image reconsfrucfion wifh a fypical qualify cuf of having af leasf 50 
phofoelecfrons. The energy fhreshold fhaf is obfained in each range is summarized in fable 1 . In 
fhe darkesf sifuafion considered, which corresponds fo a sky brighfness fhaf goes from 2.5 fo 5 fimes 
fhe Dark NSB, fhe energy fhreshold is ~ 175 GeV, 2.5 limes fhe achieved one in dark condifions 
wilhouf fillers, which is consisfenf wifh fhe facf fhaf fhe fillers cuf more lhan 50% of fhe Cherenkov 
lighf. The energy fhreshold rises slowly as fhe NSB increases and if is silualed al ~ 215 GeV for 
fhe brighlesl sifuafion analysed, which goes up fo 40 fimes fhe Dark NSB. 

4.2 Sensitivity 

The sensitivity can be defined as the flux of a source giving a 5a significance after 50 h of 
observation time. The significance is computed using equation 17 from from Li & Ma with 5 
background regions[l 1]. We apply the conditions Nexcess > 10 and Nexcess > 0.05Vfogrf, as explained 
in [4], where Nexcess is the number of excess events over a number of background events Nbgd- 

The preliminary integral sensitivity above 300 GeV achieved in each of the NSB ranges con¬ 
sidered is summarized in table 1. From the results seems that sensitivity tends to degrade slightly 
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Figure 3: Evolution of the sky brightness during a night of the November full Moon period with a Moon 
phase of ~ 95%. The color scale gives the brightness in units of times the Dark NSB. Red and orange 
zones correspond to regions in which the performance is still unknown. Green zones, to those in which the 
performance was characterized. 


with the NSB. Nevertheless, even in the brightest situation in which the performance was charac¬ 
terized, the sensitivity is close to \%C.U which is ~ 50% worse than the one that is achieved with 
MAGIC without filters and in dark conditions. 

5. Discussion 

With the use of UV-pass filters observations with MAGIC are feasible in situations in which 
it was impossible before. Observations can be performed in conditions that are safe for the PMTs 
up to a distance of 5° away from the Moon during full Moon, which means that the telescopes can 
point almost at any position in the sky, whichever the Moon phase is. This means that with the 
filters installed, the telescopes can now be operated during the full Moon period. 

However, the sensitivity is ~ 50% worse than the standard one for MAGIC without filters. 
On the other hand, the performance is characterized up to 40 times the Dark NSB (which still 
corresponds to conditions in which observations without filters are impossible and to situations in 
which many of the target sources are found) but it is unknown beyond that limit, essentially because 
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of lack of Crab Nebula data in those conditions. In figure 3 we can see, as an example, what would 
be the brightness of the sky[5] during a night of the November 2015 full Moon period in which the 
Moon phase is 95%. Red and orange regions correspond to brightness in which the performance 
is yet not characterized. Different tones of green correspond to the different brightness ranges 
in which the performance is known. While the Moon is low in the sky, almost the whole sky is 
accessible. When the Moon is close to zenith the portion of the sky of unknown performance is 
larger. 

The main result is that with the use of the UV-pass filters, MAGIC duty cycle could be in¬ 
creased by 30% by taking data over the entire nights of the full Moon period and the two nights 
before and after it. This makes the filters useful for discovering new sources and for monitoring of 
variable sources, as well as for deep observations of hard sources. 

An interesting project that could take profit from the increased duty cycle and from the possi¬ 
bility of observing close to the Moon is to observe the deficit in the cosmic ray flux produced by 
fhe presence of fhe Moon (fhe so-called “Moon shadow”, see [6]). Abouf 100 observation hours 
per year wifh fillers could be used for fhis projecf. However, as if implies pointing very close fo fhe 
Moon, fhe sky brighlness is much higher lhan in fhe silualions in which fhe performance is known 
(if can be as high as 200 times fhe Dark NSB), which makes if much more challenging. 
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